Abstract Particulate matter, the main pollutant in the atmospheric environment of the Santiago city in winter, was analyzed by means of the major water-soluble ionic species obtained under critical episodes of pollution in 2003. The particulate matter samples were collected using the Micro-Orifice uniform deposit impactors, with eight impactor stages connected in series, and the ionic species in particulate matter samples at each stage was analyzed by ion chromatography. While sulfate ion and nitrate ion showed bi-modal distributions, peaking in the fine and coarse mode, ammonium ion displayed a bi-modal size distribution, peaking in the fine and ultra fine mode. The equivalent concentration ratio of ammonium to sulfate was 2.03 ± 0.09, indicating the complete neutralization of sulfuric acid by ammonia. The excess ammonium ion was associated to nitrate ion. The study of the size distribution of water-soluble inorganic ions in particulate matter supports the notion that secondary aerosols play a significant role in the urban atmosphere.
Introduction
Atmospheric aerosols are either emitted directly into the atmosphere (primary aerosols) or formed in the atmosphere by gas-to-particle conversion processes (secondary aerosols) (Salve et al. 2007; Verma et al. 2010; Xiu et al. 2004) . Increases in the concentration of fine particles generally occur during the autumn and winter period. Therefore, nitrate (NO 3 -), ammonium (NH 4 ? ), and sulfate (SO 4 2-) are significant constituents of the inorganic particulate matter (PM), which is formed primarily by the conversion of ammonia (NH 3 ) to NH 4
? (Behera and Sharma 2010; Krupa 2003) . NH 3 is one of the most significant alkaline gases in the atmosphere and plays a major role in the neutralization of acidic atmospheric gases. The major sources of atmospheric NH 3 are agriculture, industry, wetlands, landfills, household products, biomass burning, motor vehicles, and wild animals (Krupa 2003) .
In the atmosphere, for a system containing sulfuric acid (H 2 SO 4 ), nitric acid (HNO 3 ), and NH 3 , thermodynamic constraints favor the formation of ammonium sulfate salts prior to equilibrium formation of ammonium nitrate (Du et al. 2010) . In other words, if there is insufficient ammonia to fully neutralize the sulfate (a 2:1 molar ratio is required since two ammonia molecules pair with one sulfate to form fully neutralized ( (NH 4 ) 2 SO 4 ), nitrate is not expected to coexist with the sulfate in submicron particles. If excess ammonia is available, ammonium nitrate (NH 4 NO 3 ) can be formed (Baek et al. 2004) . NH 4 NO 3 is very sensitive to low temperature and high humidity; on the other hand, HCl, as well as H 2 SO 4 and HNO 3 , reacts quickly with NH 3 in aqueous phase to form ammonium chloride (NH 4 Cl) salt, which is thermodynamically unstable under normal atmospheric conditions (Baek et al. 2004) .
The chemical relationships that allow a secondary aerosol formation are all influenced by temperature and relative humidity as well as the availability of the chemicals themselves. Sulfuric acid will readily condense into particle form, independent of the availability of ammonia or nitric acid. This gas-to-particle conversion process is favored at high relative humidity (Krupa 2003) . For ammonium nitrate, sufficient quantities of ammonia are required to bond with nitric acid. However, if sulfuric acid is present in aqueous media, ammonia will react first with the sulfuric acid than nitric acid. But, if excess of ammonia is available at high relative humidity and low temperatures, the formation of ammonium nitrate will be favorable under similar atmospheric conditions.
The particle-size distributions and chemical composition of the major water-soluble inorganic ions present in aerosols (urban, rural, and remote sites around the world), make up a research subject because they permit determining the relative importance of the formation of particulate pollutants in the atmosphere (Morales and Leiva 2006; Tsai et al. 2005; Xiu et al. 2004; Zhao et al. 2011) . In urban areas, in general, the studies showed that NH 4
? was found to be predominantly in the fine particle mode and Cl -and Ca 2? were more abundant in the coarse fraction (Tsai et al. 2005; Xiu et al. 2004 ). In the case of K
? it was more abundant in the fine mode (Chen et al. 2005; Tsai et al. 2005; Xiu et al. 2004 ). However, SO 4 2-and NO 3 -form fine and coarse modes by the reaction of H 2 SO 4 (g) and HNO 3 (g) with NH 3 (g) (Parmar et al. 2001) . In some cases, a bi-modal or tri-modal distribution is needed to describe the size distribution of inorganic ions (Milford and Davidson 1987) . Recently, major water-soluble inorganic ions in urban areas have shown a significant fraction of fine and ultrafine sulfate and nitrate (Lin et al. 2007 ). The increase of the diesel vehicular fleet along with the type of fuels used in combustion process could be one of the reasons for the observed increase in ultrafine concentrations of these species (Maricq 2007; Morawska et al. 2008 ). This growth is important from a health perspective because the ultrafine particles can have a much stronger physiological effect than coarse particles (Donaldson et al. 1998; Wichmann et al. 2000) .
Santiago city (33.58 S, 70.68 W) exhibits high concentration of particulate matter (PM) due to the anthropogenic activity of the city's nearly six million inhabitants ( Fig. 1) (Leiva et al. 2012; Morales and Leiva 2006; Morata et al. 2008 ). Due to the high levels of urban PM, in 1996 the city of Santiago was declared PM 10 , i.e., particulate matter with an aerodynamic diameter of 10 micrometers or less, and carbon monoxide (CO) saturated ambient, by the Environmental Minister (formerly the National Commission of Environment). High concentrations of particles are predominant in the Pudahuel area, located in the western part of the city. The hourly values for total concentration of particulate matter in Santiago is near to 300 lg m -3 with peaks near 500 lg m -3 in 2003. It has been shown that fine particulate matter up to 2.5 micrometers in size (PM 2.5 ) comprises more than 50 % of the total PM 10 concentration (SINCA 2011) . These results are a strong signal that Pudahuel area is one of the zones mostly affected by the atmospheric pollution in Santiago city, Chile.
In the past two decades the atmospheric pollution studies in the city of Santiago have been focused on quantification of heavy metal content and emission source characterization. However, a preliminary study of urban atmospheric ammonia, with passive tubes, has been determinant to analyze the major water-soluble inorganic ions and their size distributions in these urban atmospheric aerosols (CONAMA 1999; Toro 2010) .
Therefore, the present study has been focused on the major water-soluble inorganic ions in atmospheric aerosol in the Santiago metropolitan area during an important campaign developed in a winter pollution episode in 2003, a particular year of high pollution level observed during the past decade (Toro 2010). The size-resolved characteristics of particle masses and chemical compositions were investigated to explore possible pathways for the formation of secondary compounds.
Materials and methods

Study area and measurements sites
The city of Santiago (33.58 S, 70.68 W) is located in a valley between two rivers, the Maipo and Mapocho, in the central zone of Chile. The city covers a surface area of approximately 1,400 km 2 and lies 500 m above sea level. It is bounded by the high Andes (4,500 m altitude on average) to the east, a lower parallel mountain range to the west (1,500 m altitude on average), and two east-to-west mountain chains to the north and south of the basin (Fig. 1 ) (Morales and Leiva 2006; Morata et al. 2008) . The Mediterranean-like weather in Santiago is characterized by the quasi-permanent influence of the subtropical Pacific High.
Air pollutants and meteorological condition measurements
Eight monitoring stations distributed throughout the city measure the concentrations of pollutant gases and atmospheric aerosols (SO 2 , O 3 , CO and PM 10 ) and determine the current meteorological data (temperature, relative humidity, wind velocity, and wind direction) (SINCA 2011). All of these stations support the MACAM-2 network and the Air Quality Monitoring Program in Santiago Metropolitan Area ( Fig. 1 (Fig. 1) . However, the Pudahuel area is located near the international airport and is the main rural place of the metropolitan region, which is characterized by agricultural, wetlands, swamps, and quiet waters area. Therefore, we have focused our studies on this particular urban zone. PM 10 and PM 2.5 concentrations were determined by means of Tapered-Element Oscillating Microbalance (TEOM) equipment (Thermos Co., Illinois, USA), which provides data every 5 min at 50°C. The data obtained 10.5 (3.7) 11.3 (3.6) 11.5 (3.4)
Relative humidity (%) 63 (16) 78 (13) 82 (16) 83 (13) 83 (12) 79 (16) 70 (17) 82 (15) 81 (14) Wind direction (8) 210 (93) 166 (111) 205 (92) 199 (91) 204 (105) 204 (101) 191 (103) 202 (92) 204 (103) Wind speed (m s (78) 121 (90) 98 (52) 59 (40) 119 (63) 127 (98) 111 (77) 86 (59) PM2.5 (lg m (50) 35 (43) 81 (60) 59 (27) 28 (21) 58 (30) 67 (55) 72 (50) 42 (29) Int. J. Environ. Sci. Technol. (2014) 11:437-448 439 were previously validated to fix vacancies, duplicated entries, and gaps. (Marple et al. 1991) . The eight stages of the MOUDI cascade impactor had D 50 size cuts at 18, 3.2, 1.8, 1.0, 0.56, 0.32, 0.175, and 0.093 lm equivalent aerodynamic diameters. A Teflon after-filter collected all particles \0.093 lm in size. A three-size group was defined for the present study: coarse (PM 18-3.2 , PM 3.2-1.8 ; 1.8 lm \ Dp \ 18 lm), fine (PM 1.8-1.0 , PM 1.0-0.56 , PM 0.56-0.32 , PM 0.32-0.175 , PM 0.175-0.093 ; 0.1 lm \ Dp \ 1.8 lm), and nuclei (Dp \ 0.1 lm) particles. The flow rate for the MOUDI was 30 Lmin -1 . Particulates were collected using 47 mm Teflon filters with 0.20 lm pore size (Advantec MFS Inc., CA, USA). Each filter was weighed before and after sample collection to determine the net mass gain due to particulate matter using a highprecision analytical balance (Delta Range AT261) with an accuracy of 0.01 mg. Weighing was performed after the samples had been conditioned at 30 ± 10 % relative humidity and 20 ± 2°C for over 24 h. The filters were stored in a refrigerator at 4 ± 2°C until 2 h prior to the chemical analysis.
The particle concentrations measured in this study were considered to be representative of those of the local ambient particles. Hourly meteorological data (wind speed and direction) and PM 10 concentrations were obtained from the MACAM network (SINCA 2011).
Chemical analysis
The collected aerosols from each filter were ultrasonically extracted for 15 min in 4 mL of deionized distilled water (18 MX, MilliQ system, Millipore). The extracted solution was then filtered through a syringe PTFE filter with a pore size of 0.25 lm (Orange Scientific, Alleud, Belgium) and was then introduced into the ion chromatograph to measure the anion and cation concentrations. All extraction and chromatographic measurement were conducted after 48-72 h of sampling. sodium bicarbonate at a flow rate of 1.5 mL min -1 . The cations were analyzed using methane sulfonic acid as the eluent at 1 mL min -1 . In both cases, we used a sample volume of 25 lL. Species were detected using a conductivimeter detector. Ionic species were identified and quantified by interpolation of a prepared calibration curve. The results obtained from the sampling analysis were fitted using a lognormal distribution according to the size distribution.
A detection limit was used to determine the lowest concentration level that could be determined to be statistically different from a blank. , and K ? , respectively. NH 4 NO 3 formed in fine particles has a high volatility and therefore dissociates into gas-phase nitric acid and ammonia at ambient temperatures higher than 25°C. Some studies suggest that some volatilization losses may occur during storage and especially for NO 3 -and SO 4 2-. This may introduce an artifact bias in measurement, which also depends on the sampling device used, particle size fraction, the composition of aerosol, the chemical form of reactive species, duration of the sample storage, and the analytical technique used (Leiva et al. 2012) . In this work, soon after collection, the samples were removed and stored in sealed containers under refrigeration. Kept in coolers for transport between the sampling site and laboratory, and followed proper preservation procedures to minimize this bias.
Various equivalent concentration ratios were calculated for the water-soluble inorganic species, including the ion balance (expressed as the ratio of total cations equivalents to total anion equivalents) and the ratios SO 4 2-/NO (Fig. 2) . The sampling periods with good air quality were M5 ? M6. In contrast, the M1 ? M2 and M3 ? M4 sampling periods exhibited poor air quality according to the national airquality standards for PM 10 (150 lg m -3 ) (Morales and Leiva 2006; SINCA 2011) .
Pudahuel exhibits very high atmospheric stability during the winter. The mean RH and temperature values ranged from 57 ± 16 % (at 15:00 h) to 90 ± 9 % (at 06:00 h) and 7.27 ± 3.07°C (at 08:00 h) to 15.9 ± 2.7°C (at 15:00 h) during the sampling periods (Fig. 3 a, b) . The highest RH was recorded at night and in early morning hours (04:00-08:00 h), while the minimum values were recorded in the central hours of the day (12:00-14:00 h). High wind speeds, Fig. 3c , were recorded between 14:00 and 21:00 h, with values ranging from 1.4 ± 1.1 to 2.3 ± 1.4 m s -1 . Lower speeds were recorded between 21:00 and 6:00 h, with values ranging from 0.7 ± 0.8 to 1.0 ± 0.7 m s -1 . Regarding the wind direction, during the afternoon the wind comes from the southwest (200-2408), whereas at night the wind comes from the southeast (150-2008); this pattern is consistent with the mountain-valley breeze pattern observed in Santiago (Morales and Leiva 2006) . There were no dramatic differences in RH and T during the sampling periods. At high level of RH and lower temperature, the formation of the stable secondary aerosols was thermodynamically favored (Krupa 2003; Morata et al. 2008 ).
The average of PM 10 and PM 2.5 in the sampling period varied from 86 to 127 and 42 to 72 lg m -3 , respectively (Fig. 3d, e) . Among the three periods, M1 ? M2 had the highest average of PM 10 concentration (127 ± 98 lg m -3 ) and M5 ? M6 had the minimum (86 ± 59 lg m -3 ). In the case of PM 2.5 , M1 ? M2 sampling period had the highest concentration (72 ± 50 lg m -3 ) and M5 ? M6 had the minimum (42 ± 29 lg m -3 ). This high concentration could be attributed to local man-made sources (combustion sources) of particulate matter and the secondary sources of particulate matter. A high correlation (r 2 = 0.80) between PM 10 and PM 2.5 samples in Pudahuel area reveals that the temporal variations in fine particles have a significant influence on the observed variability in PM 10 (Toro 2010).
The recorded PM 2.5 /PM 10 ratios varied significantly between the various air-monitoring stations (Fig. 3f) , ranging from 0.35 to 0.66, 0.48 to 0.85 and 0.30 to 0.63 for the M1 ? M2, M3 ? M4 and M5 ? M6 sampling periods, respectively. In other words, PM 2.5 concentrations are almost always larger than that of the coarse particle (PM 2.5-10 ), with an average PM 2.5 being two times larger than the average coarse particle concentration.
The highest ratios were observed at night (04:00-08:00 h) due to the lower temperature and higher relative humidity observed under these circumstances, a favorable meteorological condition for the formation of fine particles, see Fig. 4a , b.
The arithmetic averages of PM 2.5 /PM 10 were observed to increase from M3 ? M4 (0.66 ± 0.10) to M1 ? M2 (0.53 ± 0.11) to M5 ? M6 (0.48 ± 0.09) and the average (Chow et al. 1994) , Montreal (0.52), and Toronto (0.60) (Brook et al. 1997 ).
Ambient particle-size distribution mass concentrations
The mass-size distribution of each sample is shown in Table 2 and Fig. 5a -c. The results obtained from the six sets of samples periods (M1 to M6) show the major peaks in the fine particle size mode (0.32-1.8 lm), with smaller peaks occurring in the coarse (1.8-18 lm) and ultrafine particle modes (0.10-0.01 lm) corresponding to the ultrafine, droplet and condensation modes, with the droplet being the dominant mode. The highest and lowest particlemass concentrations were observed in the period M1 ? M2 and M5 ? M6, respectively.
Ion particle-size distribution
The average mass-size distribution for each stage of the MOUDI process conducted to determine the anion and Table 3 . Water-soluble ions accounted for 11, 26, and 7 % of the samples during the M1 ? M2, M3 ? M4, and M5 ? M6 periods, respectively. Overall, nitrate, sulfate, and ammonia were the dominant ions throughout all of the sampling periods. Accumulation and coarse modes were observed, as is typical for urban aerosols. Each mode has different formation pathways. Accumulation-mode particles are likely formed by the condensation of secondary aerosol components from the gas phase, whereas mechanical processes, such as the resuspension of dust or soil, primarily form coarse-mode particles.
Anions: the particle-size distributions of chloride, sulfate, and nitrate ions Figure 5d -f shows the size-resolved chemical composition of the particulate matter for the anions.
As shown in Fig. 5d , the size distributions of chloride are bi-modal, with the major and secondary peaks occurring at 1.8-18 lm (coarse) and 0.32-1 lm (fine), respectively. The chloride in the secondary peak may be in the form of ammonium chloride, which is in the fine mode and derived from the reaction of ammonia and hydrochloric acid vapor, which is emitted from combustion sources, including incinerators and power plants. Under normal atmospheric conditions, ammonium nitrate and ammonium chloride are unstable, existing in reversible phase equilibrium with their gaseous precursors such as nitric acid, hydrochloric acid, and ammonia (Krupa 2003) . This equilibrium is largely controlled by both parameters: the temperature and the relative humidity. The ammonium nitrate and ammonium chloride dissociation occur at high temperatures and low relative humidity. On the other hand, these molecules are relatively stable under conditions of high relative humidity and low temperature. Chloride in the coarse mode is derived mainly from the primary emissions of sea salt, with the relatively large particle sizes reflecting the proximity of the measurement site to the ocean.
As shown in Fig. 5e , the mass-size distributions of sulfate are tri-modal, with peaks appearing at 1.8-18 lm (coarse), 0.32-1 lm (fine) and 0.1-0.18 lm (ultrafine). The ultrafine-mode sulfate observed in the Pudahuel area was likely to have been formed through the heterogeneous nucleation of ammonium sulfate particles (Xiu et al. 2004; Zhang et al. 2010 ). This explanation is consistent with the meteorological conditions in the sampling area, as can be seen in the Fig. 4a, b . Specifically, lower temperatures and higher humidity lead to a shift in the equilibrium between the gaseous and particulate phases towards the particulate phase and consequently generate greater particle mass. When the fine mode is the dominant mode, sulfate could be formed by aqueous phase reactions in droplets. The coarse- mode sulfate may have been formed by reactions of gasphase SO 2 or H 2 SO 4 in pre-existing sea-salt or soil particles. The reaction of H 2 SO 4 with crustal aerosols is of minor importance. The mass-size distributions of nitrate are uni-modal, with higher amounts in the fine (0.32-1 lm) mode over the three sampling periods studied, as shown in Fig. 5f . The uni-modal distribution may be explained by the formation of nitrate by the homogeneous gas-phase transformation of NO x into HNO 3 , which later reacts with pre-existing fine particles. Moreover, HNO 3 can react with NH 3 in the atmosphere to form NH 4 NO 3 in the fine mode, which is consistent with the modal distribution of ammonium ions. In fact, the chemistry favors the production of this salt at high humidity and low temperature (Morales and Leiva 2006) . The size distributions of ammonium show a bi-modal behavior with a peak in fine and ultrafine mode, as shown in Fig. 5g . This mode is consistent with the notion that fine-particle ammonium is derived from ammonia vapor as a result of the vapor reacting or condensing on particle surfaces and accumulating in the droplet mode. The reaction of ammonia with sulfuric acid or ammonium bisulfate is favored over its reaction with nitric acid. However, significant amounts of ammonium nitrate are formed in the Pudahuel area, where sulfate levels are low and ammonia and nitrogen oxide levels are high. However, ammonium must first combine with sulfate prior to nitrate and chloride because ammonium sulfate is more stable than the other possible products (Krupa 2003) . The mass-size distribution of fine mode ammonium is consistent with that of sulfate, indicating that reactions involving sulfuric acid and ammonia in the particulate phase and sulfur dioxide accumulate mass in the fine mode (Behera and Sharma 2010; Krupa 2003) .
The size distributions of calcium are bi-modal. The major and secondary peaks of calcium fall in the size ranges of 1.8-18 lm (coarse) and 0.32-1 lm (fine), respectively, as shown in Fig. 4h . Furthermore, a significant increase of the calcium content in the coarse-particle mode is due primarily to crustal materials such as calcite (CaCO 3 ) and dolomite (CaMg (CO 3 ) 2 ). It is well known how limestone soils often contribute substantially to the mineral dust aerosol. On the other hand, carbonate-containing minerals in the atmosphere can react with nitric or sulfuric acids to form Ca (NO 3 ) 2 or CaSO 4 (Meszaros et al. 1997; Salve et al. 2007) .
Potassium exhibits a bi-modal distribution. The major and secondary peaks are in the size ranges of fine and ultrafine particles, as shown in Fig. 5i . This size distribution suggests that most of the potassium found in the fine and ultrafine mode is due to emissions from biomass burning and from the open burning of waste materials (Morales and Leiva 2006) . In the city of Santiago, the burning of biomass from rural zones represents a second source of PM 10 and could be an important source of fine particles (Hays et al. 2002) . Ionic balance and ratios of cationic and anionic species and relationship between NH 4 ? , NO 3 -and SO 4 2-at different mode of particle size. Ion balance expressed by the sum of the equivalent concentration of anions-to-cations (C/A) showed a good linear correlation (r 2 [ 0.60) for three modes (coarse, fine and ultrafine). The slopes values in coarse and ultrafine modes were ranged from 0.72 ± 0.22 to 0.64 ± 0.03 (see Table 4 ). The observed anion deficit is ascribed to the presence of HCO 3 -and water-soluble organic anions (such as organic acidic ions) have not been considered. On the other hand, the slope value in fine mode was 1.51 ± 0.07, where the cation deficit can be attributed to the acidity of fine mode.
Nitrate-Sulfate ratio (NO 3 -/SO 4 2-) in equivalent concentration (meq m -3 ) indicates the contribution of nitrate and sulfate to aerosol and also indicates the possible sources of aerosol. Lower NO 3 -/SO 4 2-ratio indicates the more static sources and higher NO 3 -/ SO 4 2-ratio indicates more mobile sources (Arimoto et al. 1996) . In this sense the NO 3 -/SO 4 2-showed a good linear correlation (r 2 [ 0.87) for three modes (coarse, fine and ultrafine). The slopes values were 1.3 ± 0.20, 2.5 ± 0.1, and 1.4 ± 0.2 for the coarse, fine, and ultrafine modes, respectively. These results indicate that the samples have a deficit of sulfate with respect to nitrate in the three modes (see Table 4 The PM 2.5 /PM 10 ratio is directly related to the concentrations of water-soluble inorganic ions. The highest PM 2.5 / PM 10 ratio was observed at the highest concentration of water-soluble inorganic ions. This supports the idea that the secondary aerosols play a significant role in the formation of ambient submicron particulates.
The mass-size distributions show the major peaks in the fine particle size mode (0.32-1.8 lm), with smaller peaks occurring in the coarse (1.8-18 lm) and ultrafine particle modes (0.10-0.01 lm).
Experimental data showed that NO 3 -, SO 4 2-, and NH 4
? were preponderant ions in the fine particle mode at all sampling periods. Fine mode of NO 3 -dominated its concentrations. The sources of SO 4 2-and NO 3 -not only included anthropogenic activity, but also mainly associated with the secondary pollutants that were formed from SO 2 and NO x . NH 4 ? and Ca 2? dominated their respective mass concentrations in the fine and coarse mode respectively.
The average equivalent concentration ratio of NH 4 ? to SO 4 2-was 2.06 ± 0.09 (with most ratios[1 in the fine and ultrafine mode, indicating the neutralization of H 2 SO 4 by NH 3 . The excess NH 4
? was likely associated with NO 3 -and Cl -. The charge balance between cations (i.e., NH 4 ? , Table 4 Linear correlation and correlation coefficient for the coarse, fine and ultrafine modes of anions versus cations, in the equivalent concentrations (neq m ) and anions (i.e., Cl -, NO 3 -, and SO 4 2-) reveals an excess of anions in coarse and ultrafine modes and an excess of cations in fine mode. A possible explanation for this cation deficit could be that the presence of HCO 3 -and water-soluble organic anions (such as organic acidic ions) was not considered.
The observed charge balance confirmed that insufficient amounts of NH 4
? are typically present to neutralize all of the acidic components (H 2 SO 4 , HNO 3 and HCl) in the fine mode and that the aerosols will be considered acidic.
